It is known that natural killer (NK) cell function is downregulated in chronic hepatitis B (CHB)-infected patients and in hepatic carcinoma (HCC) patients, but the mechanisms underlying this functional downregulation are largely unclear. In this study, microRNA (miR)-146a expression increased in NK cells from CHB and HCC patients compared with NK cells from healthy donors, and miR-146a levels were negatively correlated to NK cell functions. Overexpression of miR-146a reduced NK cell-mediated cytotoxicity and the production of interferon (IFN)-γ and tumor necrosis factor-α, which were reversed upon inhibition of miR-146a. In NK cells, miR-146a expression was induced by interleukin (IL)-10 and transforming growth factor-β, but reduced after treatment with interleukin-12, IFN-α and IFN-β. We further revealed that miR-146a regulated NK cell functions by targeting STAT1. Taken together, upregulated miR-146a expression, at least partially, attributes to NK cell dysfunction in CHB and HCC patients. Therefore, miR-146a may become a therapeutic target with great potential to ameliorate NK cell functions in liver disease.
INTRODUCTION
Natural killer (NK) cells are innate immune cells that are important for the host defense against viruses and transformed cells. NK cells mediate several functions including cytotoxicity and the production of cytokines and chemokines. Many factors can affect the function of NK cells. On the one hand, NK cells express both activating and inhibitory receptors; thus, the balance between positive signals and negative signals determines the functional outcome of NK cells. 1 On the other hand, NK cell function can be modulated by various cytokines, including stimulatory cytokines interleukin (IL)-12 and interferon (IFN)-α, 2, 3 and inhibitory cytokines interleukin (IL)-21 and transforming growth factor (TGF)-β. 4 However, the understanding of the intracellular molecular mechanism and programs that define NK cell function is incomplete.
Transcription factors such as myeloid elf-1-like factor (MEF) and microphthalmia-associated transcription factor (MITF) have been identified as contributors to NK cells programming at the transcription level. In addition, effector molecules, such as IFN-γ, perforin and granzymes, which are important for NK cell functions, are partly controlled at the posttranscriptional level. 5 Recently, microRNAs (miRNAs) have drawn increasing interest and have become better understood as a posttranscriptional regulatory mechanism for effector molecules of NK cells.
miRNAs are small non-coding RNAs, which regulate gene expression by inducing translational repression, cleavage or destabilization of the target messenger RNAs (mRNAs). The importance of miRNAs for NK cell function was confirmed by disrupting global miRNAs in mouse NK cells. 6 Three research groups have identified the top 20 miRNAs expressed in mouse and human NK cells using next-generation sequencing. [7] [8] [9] Thus far, the miRNAs that have been identified as ones involved in NK cell development are miR-150 and miR-181a/b, which target c-Myb 10 and NEMO-like kinase 11 , respectively. Moreover, miRNAs have been shown to regulate NK cell functions. For instance, several miRNAs regulate IFN-γ production, a key cytokine of NK cells that is involved in a multilayered regulatory network. IFN-γ production is suppressed by miR-29 and miR-15a/15b/16, members of the miR-15/16 family, which target the 3′-untranslated region (UTR) of IFN-γ in NK cells. 12, 13 In contrast, miR-155 promotes IFN-γ production by targeting SHP-1, the upstream gene of IFN-γ. 14 Furthermore, some miRNAs, such as miR-27a-5p, miR-378 and miR-30e, perturb NK cell cytolytic activity by targeting the granule proteins granzyme B and perforin. 7, 15 Finally, miR-30c-1-3p enhances NK cell cytotoxicity by targeting HMBOX1, an inhibitory transcription factor for cytokines. 16 In summary, miRNAs can modulate both the development and function of NK cells.
Both miR-146a and miR-146b belong to the miR-146 family, and they are located on human chromosomes 5 and 10, respectively. Functionally important, miR-146a not only exerts a key role in tumor progression and viral infections but it is also involved in innate and adaptive immune responses. Elevated miR-146 expression levels, which are likely to reflect the infiltration of inflammatory cells and increased levels of mediators tumor necrosis factor (TNF)-α and IL-1β, were found in tissues related to chronic inflammatory diseases such as psoriasis and rheumatoid arthritis. 17 In addition, miR-146a is an important modulator of innate immune cell differentiation and function, as well as adaptive immunity. In monocytes, miR-146a attenuates TLR4 signaling and contributes to endotoxin tolerance by targeting TRAF6 and IRAK1. 18, 19 In macrophages, miR-146a feedback inhibits RIG-I-dependent type I IFN production by targeting TRAF6 and IRAK1. Furthermore, in chronic hepatitis B (CHB) patients, miR-146a depresses T-cell immune function by targeting STAT1. 20 Although miR-146a is 1 of the top 20 miRNAs in NK cells, 9 its mechanisms of action on NK cell functions remain unclear.
In this study, we found that the cytotoxicity of NK cells from the peripheral blood of CHB and HCC patients negatively correlated with miR-146a expression levels. Further investigation showed that miR-146a regulated NK cell function by targeting STAT1, a transcription factor critical for NK cell function. Finally, we found that the expression of miR-146a in NK cells was differentially regulated by specific cytokines. Therefore, manipulating miR-146a expression maybe a new way of rescuing NK cell function.
MATERIALS AND METHODS

Study subjects
Peripheral blood samples of CHB and HCC patients were obtained from Qilu Hospital, with informed consent from all participants, in accordance with the Ethics Committee of Shandong University. The clinical data for these patients are shown in Table 1 . There were 62 HCC patients, including 38 patients infected with hepatitis B virus. None of the healthy donors (HDs) had a history of hepatic disease.
Cell culture and lentiviral transduction
The human hepatocellular carcinoma cell line HepG2 was maintained in Dulbecco's modified Eagle's medium (Gibco/ BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS). The human NK cell line NK-92 was purchased from American Type Culture Collection (Manassas, VA, USA) (CRL-2407) and maintained in α-minimum essential medium (Gibco/BRL) supplemented with 12.5% horse serum, 12.5% FBS, 100 U/ml recombinant human IL (rhIL)-2, 0.1 mM β-mercaptoethanol and 0.02 mM folic acid. All cells were incubated at 37°C and 5% CO 2 , and were used o6 months after they were initially thawed. Primary NK cells were isolated from donor peripheral blood using an NK cell isolation kit (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) and cultured in RPMI-1640 medium (Gibco/BRL) supplemented with 10% FBS and 100 U/ml rhIL-2.
The miR-146a overexpression lentivirus, miR-146a inhibition lentivirus and hsa-STAT1-ORF lentivirus (3′-UTR less) were purchased from GenePharma (Shanghai, China). Viral titer was performed at 100:1 for NK cells transduction with 4 μg/ml polybrene. In order to establish miR-146a-overexpressing or miR-146a-inhibited NK92 cell lines, NK-92 cells were selected with puromycin (1 μg; Sigma-Aldrich, St Louis, MO, USA) for 1 week.
RNA isolation and quantitative real-time PCR Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Complementary DNA was synthesized using M-MLV reverse transcriptase (Invitrogen). The expression level of miR-146a was determined by quantitative PCR (qPCR) using a SYBR Green Real-Time PCR Kit (Roche, Mannheim, Germany) on an iQ5 Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). The primers for miR-146a-5p were purchased from RiboBio (Guangzhou, China). The relative expression of the miRNA was calculated using the 2 − ΔΔCt method.
Cytotoxicity assay NK-92 cell-mediated cytotoxicity was determined via flow cytometry using the CFSE/7AAD cytotoxicity assay. HepG2 cells were used as target cells. NK-92 cells were labeled with 200 nM CFSE (Beyotime, Nanjing, China) for 15 min at 37°C in a volume of 2 ml. After 15 min, these cells were washed twice with phosphate-buffered saline (PBS) and immediately used as effector cells in the cytotoxicity assay at effector: target (E:T) ratios of 10:1, 5:1 and 2.5:1. HepG2 cells incubated alone were used to measure basal cell death. Six hours post incubation in complete medium, cell mixtures were washed twice with PBS and incubated for 15 min at room temperature in buffer with 20 μg/ml of 7-amino actinomycin D (KeyGEN BioTECH, Nanjing, China). Acquisition was performed using miR-146a inhibits NK cell function D Xu et al the FACSCalibur system (BD Biosciences, San Jose, CA, USA). Specific lysis was calculated as followed: % ratio = (CFSE − 7AAD + )/CFSE − × 100%, % specific lysis = % ratio of sample − % ratio of basal. The cytotoxicity of primary NK cells was determined using an lactate dehydrogenase (LDH) assay (Beyotime) performed according to the manufacturer's instructions. Briefly, HepG2 cells were seeded onto 96-well plates at a density of 1 × 10 4 cells per well, and primary NK cells were added to each well at an E:T ratio of 10:1. After 12 h, the cells were gently centrifuged at 200g for 5 min, and 100 μl of supernatant was transferred to a new 96-well microplate. The maximum amount of LDH release (high control) was determined by lysing cells with a final concentration of 1% Triton X-100. The supernatants of untreated HepG2 cells (which spontaneously release LDH) were used as a low control. To each well containing supernatant, 100 μl of the detection substrate, a tetrazolium salt, was added, and the resulting mixture was incubated in the dark for 30 min. Absorbance was measured at 490 nm using a reference wavelength of 630 nm. After subtracting out the low control values, the percent cytotoxicity was calculated in relation to the high control values.
Flow cytometry
Cells were collected, washed twice with PBS and incubated with antibodies for 45 min at 4°C. For detection of intracellular cytokines, cells were fixed and permeabilized, and stained with a saturating amount of antibodies for 1 h at 4°C. All stained cells were measured using a FACSCalibur flow cytometer (BD Biosciences), and data were analyzed using FCS Express software (De Novo Software, Glendale, CA, USA). The following antibodies were used in this study: anti-granzyme B, anti-perforin, anti-IFN-gamma, anti-TNF-alpha, anti-NKG2D, anti-NKG2A, anti-NKp30, anti-NKp44, anti-NKp80 and anti-CD107a purchased from BD Biosciences, BioLegend (San Diego, CA, USA) or eBioscience (San Diego, CA, USA).
Western blot analysis Cells were collected, solubilized in lysis buffer and incubated on ice for 30 min. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed according to standard protocols. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blotted with antibodies for 12 h at 4°C followed by blocking in 5% nonfat milk. Horseradish peroxidase-conjugated secondary antibodies (Genetech, Shanghai, China) were used in conjunction with an enhanced chemiluminescence system (Millipore) to detect protein expression. The following antibodies were used: rabbit polyclonal anti-STAT1 and rabbit polyclonal anti-STAT1 (phosphor-Tyr701) purchased from Biobasic (Markham, Ontario, Canada); rabbit polyclonal anti-IRAK-1 and rabbit polyclonal anti-TRAF6 obtained from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA).
Cytokines
Recombinant human TGF-β1, IL-10 and IL-6 were purchased from PeproTech (Rocky Hill, NJ, USA). IFN-α and IFN-β were purchased from Changsheng Life Sciences (Changchun, China).
Statistical analysis
All data are presented as the means ± s.d. of three or more independent experiments. Statistical analysis was performed using a paired Student's t-test. Statistically significant differences were set at *Po0.05, **Po0.01.
RESULTS
NK cell cytotoxicity activity is negatively associated with miR-146a expression levels As stated in previous reports, NK cells isolated from CHB and HCC patients displayed decreased cytolytic activity against HepG2 cells compared with NK cells from HDs ( Figure 1a) . To evaluate the effect of miR-146a in NK cells, the expression level of miR-146a in NK cells was measured by qPCR. Compared with HDs, miR-146a levels in NK cells increased by 2.5-fold in both CHB patients (Po0.05) and HCC patients (Po0.01; Figure 1b) . Further analysis showed that the expression level of miR-146a was negatively related to NK cellmediated cytotoxicity (Figure 1c ). In addition, miR-146a expression in primary NK cells from HDs increased when cultured with serum from CHB and HCC patients (Figure 1d ). These results suggest that miR-146a might act as a negative regulatory molecule for NK cell function.
MiR-146a negatively regulates NK cell function
To confirm the role of miR-146a in NK cell function, miR-146a-overexpressing (NK92-146a-over) and miR-146a-inhibited (NK92-146a-inh) NK cells were generated using lentiviral transduction (Supplementary Figure 1) . As shown in Figure 2a (left) , the cytotoxicity of NK92-146a-over cells was significantly lower than the control cells (NK92-LV-NC) at different E:T ratios. In contrast, the cytotoxic activity of NK92-146a-inh was higher than NK92-LV-NC cells (Figure 2a, right) . Furthermore, overexpression of miR-146a significantly inhibited the production of the effector molecules IFN-γ, TNF-α and perforin (Figure 2b ), whereas inhibition of miR-146a promoted cytokine production including that of TNF-α and IFN-γ (Figure 2c) . Similarly, the cytotoxic activity of primary NK cells from HDs was inhibited by miR-146a overexpression and enhanced by miR-146a inhibitor treatment (Figure 2d ). Of note, miR-146a inhibition improved the cytotoxic activity of NK cells from CHB and HCC patients (Figure 2e ). However, overexpression of miR-146a did not influence the expression of NK cell receptors significantly (Supplementary Figure 1E) . These results indicate that miR-146a was functional in NK cells and displayed negative effects on the cytotoxic activity of NK cells.
miR-146a expression can be regulated by cytokines associated with NK cell activation NK cell activation can be influenced by exposure to various cytokines. Therefore, we assessed whether NK-related cytokines could regulate the expression of miR-146a. Several studies have shown that the serum levels of TGF-β1, IL-6 and IL-10 are increased in HCC and CHB patients. 21, 22 In this study, we found that in healthy NK cell donors, miR-146a expression was induced when the cells were treated with IL-10 (30 ng/ml) or TGF-β1 (30 ng/ml), whereas miR-146a expression did not change significantly with exposure to IL-6 (Figure 3a) . On the contrary, stimulatory factors such as poly(I:C), IL-12 and IFN-α decreased miR-146a expression in NK cells (Figure 3b ). These data suggest that cytokines known to suppress NK cell function could induce the expression of miR-146a, whereas cytokines known to stimulate NK cell activation could suppress the expression of miR-146a.
MiR-146a targets STAT1 in NK cells
To clarify the mechanism of action of miR-146a in NK cells, we investigated potential targets of miR-146a. Previously published research has found that miR-146a targets IRAK1 and TRAF6 in monocytes and macrophages, and has an inhibitory role in autoimmune disease. 18, 19 In our study, miR-146a did not significantly affect the protein expression of IRAK1 and TRAF6 (Figures 4a and b) , suggesting that IRAK1 and TRAF6 may not be targets of miR-146a. STAT1, a key signaling protein, which contributes to the type I IFN pathway in lupus patients, was reported to be another important target of miR-146a. 23 Moreover, by targeting STAT1, miR-146a could suppress T-cell function. 20 In our study, we found a decreased amount of STAT1 in NK92-146a-over cells (Figure 4a ) and an increased amount of STAT1 in NK92-146a-inh cells (Figure 4b ). In addition, the level of STAT1 in primary NK cells from HDs was reduced by miR-146a (Figure 4c ). This is consistent with the lower levels of STAT1 measured in NK cells from CHB and HCC patients compared with those from HDs ( Figure 4d ). These data demonstrate that miR-146a targets STAT1 in NK cells.
STAT1 signaling contributes to NK cell cytotoxic activity STAT1 is a cytoplasmic transcription factor activated by multiple cytokines and growth factors. 24 Mice deficient in STAT1 display impaired basal NK cell cytolytic activity (e) NK cells from CHB (n = 6) and HCC (n = 5) patients were transduced with miR-146a inhibitor lentivirus, and the cytotoxicity was detected using an LDH cytotoxicity assay at E:T = 10:1. Data are representative of three independent experiments, statistical significance was determined as *Po0.05 and **Po0.01 compared with the control. CHB, chronic hepatitis B; HCC, hepatic carcinoma; LDH, lactate dehydrogenase; miR, microRNA; NK, natural killer. from HDs (Figures 5c and d) . In addition, overexpression of STAT1 with hsa-STAT1-ORF lentivirus (3′-UTR less) rescued the decreased cytotoxic activity of NK cells from CHB and HCC patients (Figure 5e ). These results indicated that the STAT1 signaling pathway contributes to NK cell function, and that miR-146a negatively regulates NK cell function by interfering with STAT1 expression.
miR-146a expression in NK cells from HCC or CHB patients can be reversed by cytokine-based therapy in vitro Various cytokines have been evaluated as potential anticancer drugs. IFN-α is used for the treatment of cancers as well as HBV and HCV infections, 26, 27 IL-12 treatment maybe highly beneficial in the context of therapies by enhancing NK cell functions in cancer patients. 28 To evaluate whether these cytokines could reverse miR-146a expression in NK cells from CHB and HCC patients, isolated NK cells were treated with IFN-α/β and IL-12. As shown in Figure 6a , IL-12 and IFN-α treatment decreased the expression of miR-146a, particularly for patients with high baseline levels of miR-146a. Meanwhile, the expression of the functional marker CD107a was induced (Figure 6b ), indicating the functional amelioration of NK cells. These findings indicated an underlying mechanism of cytokine therapy and that miR-146a might be a marker for NK cell dysfunction.
DISCUSSION
As the initial discovery of miRNA in 1993, hundreds of miRNAs in mammals have been identified. A range of them have been found to be involved in physiological processes and disease. Human diseases, including those of the lung, liver and kidney, as well as infectious diseases are associated with dysregulated miRNA expression. In the immune system, miRNAs participate in the differentiation and development of immune cells, as well as the innate and acquired immune responses. Among the miRNAs discovered, the roles of miR-146a as a negative regulator in monocyte, macrophages and T cells have been addressed. 19, 20, 29 However, the role of miR-146a in NK cells is still unclear.
In our study, we discovered that NK cells isolated from CHB and HCC patients had higher expression levels of miR-146a that were accompanied by a suppression of NK cell cytotoxic activity. Further analysis showed that NK cell-mediated cytolysis was negatively associated with the expression levels of miR-146a (Figure 1 ). Using lentiviral constructs to suppress or overexpress miR-146a, we demonstrated that the overexpression of miR-146a reduced NK cell cytolysis activity and cytokine production, acting as a negative regulator in NK cells. Importantly, the suppression of miR-146a improved the cytolytic ability of NK cells from CHB and HCC patients ( Figure 2 ). These findings indicate that high expression levels of miR-146a might be involved in the dysfunction of NK cells in CHB and HCC patients, although what induces the increased miR-146a in NK cells remains unknown.
It has been reported that NK cell function is affected by the specific cytokine environment to which it is exposed. During virus infection and tumor progression, TGF-β and IL-10 are major inhibitory cytokines, 21, 22 which could induce miR-146a Figure 6 miR-146a expression in NK cells from HCC or CHB patients can be reversed by cytokine-based therapy in vitro. Primary NK cells isolated from CHB and HCC patients were treated with IL-12 (20 ng/ml), IFN-α (1,000 IU/ml) or IFN-β (1,000 IU/ml) for 12 h. (a) Changes in miR-146a expression levels were detected by qPCR; CHB (n = 5) and HCC (n = 5). (b) CD107a expression was detected by flow cytometry; CHB (n = 9) and HCC (n = 7). Statistical significance was determined as *Po0.05 and **Po0.01 compared with the control. CHB, chronic hepatitis B; HCC, hepatic carcinoma; IL, interleukin; INF, interferon; miR, microRNA; NK, natural killer; qPCR, quantitative PCR. miR-146a inhibits NK cell function D Xu et al expression and result in NK cell suppression in our study (Figure 3a) . In contrast, stimulatory cytokines, including IL-12 and IFN-α, as well as the stimulator poly(I:C), downregulated miR-146a expression in NK cells (Figure 3b ). In addition to these cytokines, molecules expressed on tumor cells exerted strong stimulatory effects on miR-146a expression in NK cells (Supplementary Figure 2) . These data indicate that in HCC or CHB patients, NK cell function can be disturbed by immunosuppressive cytokines and molecules expressed on tumor cells by inducing miRNA-146a expression. However, how these factors regulate the expression of miR-146a is unclear. A recent paper from our group showed that, in hepatoma cells, miR-146a is regulated by STAT3. 30 Therefore, we investigated whether STAT3 could also induce miR-146a in NK cells. We found that in NK cells from CHB patients, STAT3 expression was decreased (data not shown), suggesting that miR-146a may not be directly regulated by STAT3 in NK cells. Cameron et al. 31 have predicted several transcription factor binding sites on the promoter region of miR-146a, including sites for NF-κB, c-Ets and HSF2. We will do further research to explore the associated mechanisms.
miRNAs exert their regulatory effects by targeting specific mRNAs. We submitted molecules important for NK cell activity to bioinformatics analysis using software tools including TargetScan (Whitehead Office of Advancement, Cambridge, MA, USA) and RNAhybrid (Bielefeld Bioinformatics Service, Bielefeld, Germany). TRAIL, ETS-1 and CCR5 were predicted to be potential targets of miR-146a at the posttranscriptional level, but further studies did not suggest they were targets of miR-146a (data not shown). Previous reports have shown that miR-146a regulates Toll-like receptors and RIG-I signaling pathways in monocytes and macrophages by targeting the adapter molecules IRAK1 and TRAF6, 19, 29 and miR-146a is critical for regulatory T-cell-mediated suppressive function and the control of T-helper1 responses by targeting STAT1 in autoimmunity. 32 Here we found that STAT1, but not IRAK1 and TRAF6, was downregulated at the protein level by miR-146a in NK cells, and NK cells from CHB and HCC patients also displayed lower STAT1 levels than NK cells from HDs (Figure 4 ), which could be rescued by overexpression of STAT1 with hsa-STAT1-ORF lentivirus (3′-UTR less; Figure 5 ). Therefore, STAT1 might be a target of miR-146a for regulating NK cell functions. Significantly, we found that STAT1-activating cytokines type I IFN and IL-12 could downregulate miR-146a levels in NK cells from CHB and HCC patients, and augment NK cell cytotoxic activity, suggesting that NK cell function could be partly improved via downregulating miR-146a in cytokine-based immunotherapy. The reason why miR-146a did not target IRAK1 and TRAF6 in NK cells is unclear. It maybe that miRNA 'chooses' different mRNA targets in various types of cells to tune different physiological process.
In conclusion, we found that miR-146a exhibits a negative regulatory effect on NK cell functions by targeting STAT1. Highly expressed miR-146a could be induced by immunosuppressive cytokines, such as IL-10 and TGF-β, as well as molecules expressed on HCC cells, and subsequently lead to suppression of NK cell function. In contrast, cytokines such as IL-12 and IFN-α could decrease miR-146a expression in NK cells, blocking miR-146a-mediated NK cell impairment and enhancing NK cell cytolysis. These findings provide a novel mechanism involved in NK cell dysfunction and will contribute to the design of effective therapeutic strategies for CHB and HCC.
